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AGING INVOLVES THE PROGRESSIVE accumulation of cellular alterations, leading to a greater susceptibility of the body to environmental challenges and disease (30) . Tissues that possess a high energy demand such as brain, skeletal muscle, and heart are more susceptible to the effects of aging (42, 56) . A hallmark feature of the aging process in skeletal muscle is sarcopenia, involving the degenerative loss of muscle mass and strength (34) . While this decrement is believed to be due to a combination of muscle atrophy and fiber loss (33, 35) , the upstream events responsible for these alterations remain largely unknown.
In an effort to gain insight into the molecular mechanisms that mediate sarcopenia and result in the aging phenotype, several studies have focused on mitochondria and the key processes that are regulated by this organelle. Mitochondria are the major site of reactive oxygen species (ROS) production within the cell. Elevated levels of ROS within mitochondria lead to an increased oxidative stress and damage to cellular components such as DNA, proteins, and lipids (4, 24, 49) . The involvement of mitochondrial damage in aging has now been fortified by studies in both animals (44, 57) and humans (12, 47, 51) showing an accelerated accumulation of mtDNA defects in skeletal muscle from aged compared with young individuals. These changes are associated with a decline in mitochondrial content (10) , respiratory capacity (58) , and enzyme activity (3, 20) .
Mitochondrial biogenesis and the expansion of the mitochondrial reticulum relies heavily on the incorporation of hundreds of proteins into the organelle, the majority of which are encoded in the nucleus and then imported into mitochondrial subcompartments (21) . Mitochondrial protein import is mediated by two multisubunit complexes, referred to as the translocases of the outer membrane (TOM complex) and the translocases of the inner membrane (TIM complex). The majority of precursor proteins traverse the outer membrane via a highly stable general import pore consisting of the main channel-forming protein Tom40, Tom22, and the smaller TOM proteins, Tom5, Tom6, and Tom7 (7, 41) .
The dynamic nature of the TOM channel has been illustrated recently with the characterization of the import and assembly of the Tom40 precursor protein into the TOM complex in yeast (43, 60) . Tom40 is a ␤-barrel protein that follows a unique pathway of insertion into the outer membrane through a number of assembly intermediates. In the cytosol, the Tom40 precursor protein is targeted to the Tom20 and Tom70 receptors via heat shock protein (Hsp)70 and Hsp90 chaperone proteins. The precursor protein then crosses the TOM channel and is inserted by small TIM proteins from within the intermembrane space into a ϳ250 kDa intermediate I complex which is primarily composed of the sorting and assembly machinery (SAM) complex (23, 60, 61) . The precursor is then assembled into a ϳ120 kDa intermediate II complex, before its final incorporation into the ϳ380 kDa TOM complex. Preexisting TOM and TIM proteins as well as the SAM complex are required for Tom40 import and assembly into the outer membrane (5, 7) . Although the biogenesis of Tom40 has been well investigated in yeast and plants (15, 59, 60) , few studies (25, 26) have examined the assembly kinetics of the TOM channel within mammalian cells.
Previous research conducted in our laboratory has shown that the mitochondrial protein import pathway is a metabolic sensor that can adapt to perturbations in the energy status of a cell by modifying the rate of precursor protein import into the matrix compartment of the organelle (13, 52) . Using electrical stimula-tion-induced chronic contractile activity (CCA), a marked increase was observed in the import of several matrix-destined proteins including mitochondrial transcription factor A (Tfam) and malate dehydrogenase (18, 52) . These alterations are partly mediated by the upregulation of protein import machinery components and are associated with increased levels of cytochrome-c oxidase activity and ATP production (52) . With regard to aging, Craig and Hood (14) demonstrated an increased rate of import into the matrix of mitochondria isolated from cardiac muscle of aged animals, when compared with their younger counterparts. However, to date, no study has examined the effect of aging or contractile activity on the import and assembly of proteins into the mitochondrial outer membrane in skeletal muscle.
To investigate the effects of aging on Tom40 import and assembly in skeletal muscle, we used Fischer 344 ϫ Brown Norway F1-hybrid (F344BN) rats, which are known to have a high resistance to age-related pathologies and a relatively longer life span when compared with other strains (19) . While there is considerable evidence to suggest that mitochondrial oxidative enzyme activities and mitochondrial content are reduced in this aging model (10, 20, 29) , these findings have not been corroborated in all studies (37) . These discrepancies between studies may be due to 1) the age of the animals, 2) muscle and fiber type differences, and/or 3) the methods used to measure mitochondrial content. Nonetheless, alterations in respiratory function, ROS production, and protein release have all been documented in mitochondria from aging muscle (10) . Thus, our study focused on the premise that mitochondrial content and/or function is reduced in the F344BN aging model and that alterations in the protein import and assembly pathway contribute to these mitochondrial-associated changes observed in aging muscle.
The specific purposes of this study were 1) to examine Tom40 import and assembly in mitochondria from aged skeletal muscle and 2) to determine whether aged muscle has the same capacity to adapt to CCA as muscle from young animals. We hypothesized that Tom40 import and assembly would be reduced in aged muscle and that this may contribute to the alteration in mitochondrial function that is typically observed within aged animals (10, 36) . Furthermore, we hypothesized that the Tom40 import and assembly process would be adaptable to CCA in both young and aged animals but that this adaptation would be attenuated in muscle from aged animals.
MATERIALS AND METHODS

Animals and surgery.
All experiments were conducted after approval by the York University Animal Care Committee, in accordance with Canadian Council of Animal Care guidelines. Male F344BN rats (National Institute on Aging, Bethesda, MD) were studied at both 6 mo of age (young) and 35-38 mo of age (referred to in this study as either aged or old). The procedure as outlined previously (32) was followed for the implantation of electrodes. Briefly, animals were anesthetized with a ketamine-xylazine mix. An incision was made at the abdominal musculature, and the stimulator was placed in the peritoneal cavity of the animal. The electrodes were then passed subcutaneously from the abdominal cavity to the left hindlimb and sutured on either side of the peroneal nerve that innervates the tibialis anterior and the extensor digitorum longus muscle. All incisions were sutured, and sterile ampicillin (Penbritin, Ayerst, Montreal, QC, Canada) was applied to prevent infection. The animals were then allowed to recover for 7 days before commencement of the stimulation protocol.
Stimulation protocol to induce CCA. Animals were allowed 1 wk to recover from surgery and were stimulated (10 Hz, 0.1-ms duration) for 3 h/day for 7 days, as done previously (52, 55) . After the indicated number of days of stimulation, the animals were anesthetized and the tibialis anterior and the extensor digitorum longus muscles were removed from the stimulated and the contralateral limb that served as a control. The tibialis anterior muscle was immediately placed in cold buffer for mitochondrial isolation, and the extensor digitorum longus muscle was used for whole muscle protein analyses.
Mitochondrial isolations. Subsarcolemmal mitochondria were isolated from both young and aged animals by differential centrifugation following a brief polytron homogenization from whole rat tibialis anterior and extensor digitorum longus muscle, as described previously (11, 54) . We focused on the import process in subsarcolemmal mitochondria because it is well established that this subfraction responds to chronic muscle use more readily than the intermyofibrillar subfraction (31, 52) . Mitochondria were then resuspended in a buffer containing 10 mM HEPES, 0.25 M sucrose, 2.5 mM potassium phosphate dibasic, 10 mM succinate, 0.21 mM ADP, and 1 mM dithiothreitol (pH 7.4), and protein concentrations were measured using a Bradford assay (9) .
In vitro synthesis of precursor proteins. Full-length Tom40 cDNA (pGEM4Z/hTom40, from Dr. M. T. Ryan, La Trobe University, Melbourne, Australia) was isolated using an alkaline lysis DNA preparation method and DNA linearized using BamHI. The plasmid was resuspended in Tris-EDTA (pH 7.8) to a final concentration of 0.8 g/l. Transcription reactions were performed with SP6 RNA polymerase (Promega, Fisher Canada) for 90 min at 40°C (54). Tom40 mRNA was isolated by phenol extraction followed by ethanol precipitation, and final concentrations were adjusted to 2.8 g/l. In vitro translation was performed at 30°C for 30 min using cell-free rabbit reticulocyte lysate (Promega, Fisher Canada) in the presence of [ 35 S]methionine (Perkin Elmer, Canada).
Import of precursor proteins into isolated mitochondrial subfractions. Isolated mitochondria and lysate containing the translated radiolabeled precursor protein were allowed to equilibrate separately at 30°C for 10 min. The two samples were then combined and further incubated at 30°C for various time points. For standard import reactions using SDS-PAGE, 25 g of mitochondria and 12 l of reticulocyte lysate were used. In contrast, for determining Tom40 assembly by blue native-PAGE (BN-PAGE), 65 g of mitochondria and 31.2 l of lysate were used. Mitochondria were recovered by centrifugation (16,000 g) through 600 l of 20% sucrose in 0.1 M potassium chloride, 2 mM magnesium chloride, and 20 mM HEPES (pH 7.4) at 4°C for 15 min. For Tom40 import, mitochondrial pellets were resuspended in freshly prepared 0.1 M sodium carbonate (Na2CO3; pH 11.5) and incubated on ice for 30 min. For standard import reactions, mitochondrial pellets were then resuspended in 0.6 M sorbital, and 20 mM HEPES-KOH (pH 7.4), and equal volumes of sample buffer [10% (vol/vol) glycine, 80 mM SDS, 62.5 mM Tris·HCl, pH 6.8, 5% (vol/vol) 2-mercaptoethanol, and 5% (vol/vol) dye] were added. Samples were denatured for 5 min and electrophoresed through a 12% SDS-polyacrylamide gel. Following electrophoresis, gels were treated for 5 min in boiling 5% trichloroacetic acid, followed by a 30-s wash in distilled water, 5 min in 10 mM Tris base (pH 9.0), and 30 min in 1 M sodium salicylate. Gels were subsequently dried with a vacuum gel dryer (model 583; Bio-Rad). Radiolabeled precursor proteins were detected using phosphorimaging (Pharos FX; Bio-Rad) and quantified using Quantity 1 software.
BN-PAGE. For analysis of [
35 S]hTom40 import and assembly into the TOM complex, samples were prepared as previously described (26, 48) . Briefly, following centrifugation of the sample through a sucrose gradient, the pellet was washed in 50 l of import buffer (250 mM sucrose, 5 mM magnesium acetate, 80 mM potassium acetate, 10 mM sodium succinate, 1 mM dithiothreitol, 0.1 mM ADP, and 20 mM HEPES-KOH, pH 7.4) and centrifuged at 10,000 g for 5 min. The supernate was removed and the pellet resuspended in 50 l of digitonin buffer [1% (wt/vol), 50 mM NaCl, 10% (vol/vol) glycerol, and 20 mM BisTris, pH 7.0] and incubated on ice for 10 min. The samples were then centrifuged at 16,000 g for 5 min, and the supernate was transferred to a new tube. Sample buffer [5% (wt/vol) Coomassie Brilliant Blue G-250, 500 mM ⑀-amino-n-caproic acid, and 160 mM BisTris, pH 7.0] was added to the supernate, and the samples were subjected to 5-13% BN-PAGE (46, 48) and electrophoresed overnight at 23 V. The following day, the gels were destained (50% methanol, 10% acetic acid) and fixed [7% methanol, 7% acetic acid, 1% (vol/vol) glycerol]. The gels were then dried with a vacuum gel dryer and imaged as described above.
Immunoblotting. Isolated mitochondria were used for Western blotting analyses as previously described (53) . Briefly, protein samples were separated by gel electrophoresis on 8 -15% polyacrylamide gels and transferred to nitrocellulose membranes. Blots were blocked for 1 h in 5% skim milk in 1X Tris-buffered saline-Tween 20-Tris · HCl (TBST, pH 7.4) and probed with the appropriate primary antibody (1:500 for Tom40 and 1:1,000 for Tom22 and porin). Blots were then incubated with anti-rabbit secondary antibody conjugated with horseradish peroxidase at a dilution of 1:3,000 (Tom40) and anti-mouse secondary at a dilution of 1:1,000 (Tom22, porin). Blots were washed with TBST (3 X 5 min), and proteins subsequently visualized with an enhanced chemiluminescence kit (Santa Cruz) and quantified with SigmaScan software (Jandel Scientific, San Rafael, CA). Immunoblotting of porin was used to normalize for the amount of protein loaded. The staining intensity of the blue native gels was used to correct for loading of assembly experiments.
Antibodies. For immunoblotting experiments, the Tom40 antibody was provided by Dr. M. T. Ryan (La Trobe University, Melbourne, Australia). Antibodies were obtained from Sigma (Tom22) and MitoSciences (porin).
Statistical analysis. Data are presented as means Ϯ SE and were analyzed with Student's t-test or two-way ANOVA between young and aged animals, where appropriate. A main effect of time or age would indicate that there was a significantly higher import and/or assembly over time, or with age when compared with young animals. Differences were considered statistically significant if P Ͻ 0.05.
RESULTS
To examine the import of Tom40 in mitochondria, radiolabeled Tom40 was incubated with isolated mitochondria for various time points and subjected to SDS-PAGE. Our results indicate a time-dependent increase (P Ͻ 0.05) in the amount of Tom40 imported in mitochondria from both young and old animals ( Fig. 1) .
To directly monitor the assembly of Tom40 into the outer membrane, BN-PAGE analysis was performed. The incorporation of Tom40 into its assembly intermediates increased over time with a sequential pattern of insertion into a ϳ230 kDa intermediate I complex (labeled "I"), followed by a ϳ120 kDa intermediate II complex (labeled "II"), before its final incorporation into a ϳ380 kDa TOM complex (labeled "TOM"; Fig. 2 , B and C). This pattern of assembly is similar to previous data which fully characterized Tom40 import and assembly kinetics in isolated skeletal muscle mitochondria (Joseph AM and Hood DA, unpublished observation). We found that the assembly pattern differed between the two groups, with old animals (Fig.  2C ) exhibiting a more rapid progression of the Tom40 precursor protein into the outer membrane when compared with mitochondria from young animals (Fig. 2B) . By the end of the import reaction, Tom40 assembly into the TOM complex was more than twofold greater (P Ͻ 0.05; 46% of the total Tom40 intermediates) in mitochondria from old animals, compared with mitochondria from young animals (21%).
It has previously been shown that protein import into mitochondria can be enhanced with the use of a stimulus such as CCA (18, 52) . Indeed, in young animals, CCA resulted in a greater (P Ͻ 0.05) amount of Tom40 import into mitochondria at 5 min in the stimulated, when compared with control muscle (Fig. 3) . This effect was not evident in mitochondria isolated from old muscle. The CCA effect was time dependent, since the acceleration of protein import was no longer evident at 20 min of the import reaction in either young or old animals.
The assembly pattern of Tom40 into its intermediate complexes was then assessed by BN-PAGE. Similar to the results shown in Fig. 2 , the assembly of the Tom40 precursor protein into the outer membrane begins with its incorporation into the intermediate I complex, followed by its integration into the intermediate II complex, before its final assembly into the mature TOM complex which is detected at 90 min of import (Fig. 4, A-C) . In young animals, CCA elicited a 75% (P Ͻ 0.05) increase in the amount of Tom40 assembled into the final TOM complex in mitochondria from stimulated, when compared with nonstimulated muscle (Fig.  4A) . In contrast, in old animals (Fig. 4B ) an overall 65% (P Ͻ 0.05) increase was observed in stimulated muscle when compared with control muscle, suggesting that CCA can further enhance the import and assembly of Tom40 into the TOM complex regardless of age.
To further explore potential regulatory factors of the import and assembly process, we examined the levels of Tom22, which is an essential protein required for Tom40 import and assembly. Tom22 protein levels were ninefold (P Ͻ 0.05) higher in mitochondria from old compared with young animals, and this was associated with a 60% (P Ͻ 0.05) greater level of Tom40 protein (Fig. 5) . In response to CCA, we found that Tom22 levels were induced by threefold (P Ͻ 0.05) in mitochondria from young animals (Fig. 5) and that this corresponded to a 65% (P Ͻ 0.05) increase in Tom40 protein within this subfraction. In old animals, CCA had no effect on Tom22 or Tom40 protein levels (Fig. 5) . These results point to a parallelism between changes in Tom22 expression and the level of Tom40 within skeletal muscle mitochondria.
DISCUSSION
The aging process that occurs in skeletal muscle is a classic example of the consequence of continued exposure to environmental stresses and the cumulative damage to cellular processes that occur over time. Aging in skeletal muscle manifests as sarcopenia, a process that involves several key features, including the accumulation of mtDNA mutations, increased ROS production, and a greater incidence of apoptosis (4, 16, 24, 38, 49). To date, the molecular mechanisms by which mitochondrial dysregulation contributes to aging, sarcopenia, and a decreased life span remain unclear. It has been proposed that factors responsible for maintaining mitochondrial integrity, and hence mitochondrial biogenesis, are altered in aged skeletal muscle. In particular, mitochondrial biogenesis largely depends on several key processes, including the transcription of nuclear-encoded genes, the translation of genes within the cytosol, and the targeting and import of these newly synthesized precursor proteins into mitochondrial subcompartments. Previous studies have primarily focused on the upstream events of this pathway, examining signaling pathways and alterations in gene transcript levels, with little attention given to the importance of mitochondrial protein import in the aging process. Thus, given the decrements observed in mitochondrial enzyme activity, function, and/or and content within aged muscle (10, 36) , we wanted to determine whether alterations in the import and multisubunit complex assembly could contribute to the overall mitochondrial phenotype that is associated with aging.
Tom40 is the main component of the outer membrane TOM complex, the channel through which precursor proteins enter mitochondria. While no differences were found in the initial import of Tom40 into the outer membrane, our results indicate that endogenous levels of Tom40 protein were higher in mitochondria from old, compared with young animals. The higher levels of Tom40 within mitochondria from aged animals may be due to several factors, including the initial import of Tom40 into the outer membrane, or the assembly rate at which Tom40 precursor proteins are incorporated into intermediate complexes. Although we observed no differences between young and old animals with respect to the early stages of the import process, we found that skeletal muscle mitochondria from aged animals had higher levels of Tom40 assembled into the TOM complex. The greater incorporation of Tom40 in aged animals was associated with a higher abundance of Tom22 in these cells. Tom22 has been reported to play several roles in the biogenesis of Tom40, one of which involves the final step in the incorporation of Tom40 from intermediate II into the TOM complex (25, 40) . This is supported by the finding that overexpression of Tom22 in HeLa cells leads to a greater assembly of Tom40 into the TOM complex (25) . Thus, it appears that higher levels of Tom22 within aged skeletal muscle may be responsible, in part, for the greater assembly of Tom40 precursor proteins, and in turn the greater abundance of Tom40 in mitochondria from aged animals. Alternatively, this greater amount of Tom40 in mitochondria from aged animals may be related to a progressive decline in protease activity within mitochondria. Although the specific protease responsible for Tom40 degradation is not known, the accumulation of oxidatively damaged mitochondrial proteins has been directly associated with a reduced expression and activity of the Lon protease in skeletal muscle from aged animals (8) . However, specific degradation assays identifying proteolytic enzymes that target Tom40 molecules in young and aged animals must be performed to support these findings.
Interestingly, an enhanced rate of precursor protein import into mitochondria has also been demonstrated in cells depleted of mtDNA (rho Ϫ ), as well as in patient cells harboring mtDNA mutations (28, 45) . Thus, it appears that in situations where there is a disruption in the homeostatic energy status of the cell and a mitochondrial stress signal is activated, the import and assembly into mitochondria are accelerated in a compensatory effort to meet the energy requirements of the cell. Evidence for a retrograde signaling pathway between the mitochondria and nucleus has been shown in numerous models of genetic and metabolic stress (2, 6) , and this study suggests that these pathways may also be evident in aged muscle.
Given that sarcopenia is associated with decrements in mitochondrial function, it has been proposed that therapeutic interventions that have the potential to induce mitochondrial biogenesis may have beneficial effects on the aging phenotype. CCA has been shown to improve multiple biochemical and functional parameters in muscle such as oxidative enzyme capacity and mitochondrial content (1, 17, 22) . Similar adaptations to CCA have also been reported in aged animals, including increased mitochondrial content, respiratory activity, and a reduced susceptibility to apoptosis (39, 50) , although the response is attenuated in muscle from aged compared with young animals (36) . In muscle from healthy, young individuals, these CCA-induced changes are partly due to the adaptability of the protein import machinery components allowing for the accelerated rate of precursor proteins into the organelle (52) . However, whether these adaptations occur in muscle from aged animals has remained largely unknown.
In the present study, we found that the effect of CCA on Tom40 import and assembly was more pronounced in muscle from young animals. These changes were associated with increased expression of both Tom22 and Tom40 in young animals. The fact that muscle from aged animals did not exhibit similar adaptations in these protein import machinery components suggests that the mechanisms regulating the Tom40 assembly process may differ with age. This is even more likely the case for Tom40 since its biogenesis into the TOM complex is dependent on several different import machinery complexes (e.g., Tim8/13, Tim9/12, SAM). Future work is needed to examine the expression of these complexes to determine their importance in CCA-induced adaptations.
Mitochondrial protein import plays a vital role in the assembly of the organelle and in the CCA-induced adaptation of the mitochondrial phenotype that occurs in skeletal muscle. In this report, we show that following the initial stage of import, the assembly of Tom40 in skeletal muscle mitochondria from aged animals is not impaired but is actually enhanced. This may serve as a compensatory cellular mechanism to offset decrements in the transcriptional drive for mRNA synthesis evident in aged skeletal muscle (10) . Furthermore, the dynamic nature of the protein import pathway in response to CCA in skeletal muscle indicates the potential of regularly performed contractile activity to regulate mitochondrial biogenesis and improve mitochondrial function in aged skeletal muscle. We believe that a thorough understanding of the molecular mechanisms governing the age-related decline in mitochondrial content and/or function will provide crucial information for the development of possible interventions (including exercise) that may offset or delay age-associated diseases, and improve the quality of life for the aging population.
